Introduction.-How cells discriminate between K+ and Na+ to maintain an unequal distribution of ions, potassium being high inside the cell and sodium outside, is a fundamental problem in biology. Currently, it is widely accepted that unequal ion distribution in muscle and nerve is the resultant of the activity of the cell membrane, postulated to possess energy-requiring pumps which transport K+ into and Na+ out of the cell against electrochemical gradients.' To account for ionic selection by these "active-transport" processes, the existence of specific carriers which discriminate between sodium (or lithium) and potassium (or rubidium) ions is postulated. It has alternatively been proposed that the selective accumulation of potassium is not primarily due to the "membrane" but is the resultant of intracellular mechanisms, such as "fixed charges" of structural proteins,2 a charged-ordered semirigid lattice structure3 or organized "water lattices." 4 In a preceding paper5 it was shown that the selective accumulation of rubidium against an apparent concentration gradient in Neurospora crassa is not explicable in terms of a membrane-pump mechanism but appears to involve a specific cytoplasmic binding system. This paper likewise presents evidence that the cytoplasm of rat diaphragm muscle exhibits properties of selective ion binding. Specifically, it will be shown that (a) the preparation of the usual hemidiaphragm involves cutting each muscle fiber of the diaphragm at two ends; (b) associated with this, a characteristic permeability feature of the cell is markedly altered, so that ions which are excluded from intact fibers readily penetrate into the cut fibers of the hemidiaphragm preparation; (c) under these conditions Na+ and Rb+ both enter the cell water of the cut fibers, but only the latter ion is accumulated against an apparent concentration gradient; and (d) the accumulation system for rubidium, which appears to operate with potassium as well, probably cannot be explained in terms of a membrane-pump mechanism.
Materials and method.-Two kinds of diaphragm muscle preparations, from male rats (Sprague-Dawley strain) weighing 100-180 gm. fasted 18-24 hours, were em-ployed in these studies. One preparation was the isolated sectioned hemidiaphragm,6 widely employed to study insulin action in vitro, where the diaphragm muscle is cut from the ribs on one side and the connective tissue attachments to the central tendon on the other, to yield, after trimming, two rectangular muscle strips. Since the muscle fibers run from the rib to the central tendon, each muscle fiber in the hemidiaphragm is cut at both ends and in our studies is about 5-8 mm. long. The other preparation, consisting of relatively uninjured fibers, was obtained by removing the diaphragm together with a section of the rib cage and the central tendon, in a manner similar to that described by Kipnis and Cori,7 except that we included a larger portion of the rib cage, to minimize the possibility of injuring fibers of the diaphragm muscle.
The muscle preparations were incubated in Krebs-Hensleit Ringer's phosphate buffer8 at pH 7.4 (henceforth referred to as "normal Ringer's"), potassium-free Ringer's, where Rb-86 (as RbCl) replaced K+, or in modifications of these solutions, which will be described. Unless otherwise stated, incubation was carried out at 37.5°(with shaking) in the absence of added glucose, with 02 as gas phase. With sectioned hemidiaphragms the volume of incubation medium employed was generally 5 ml.; cage preparations were generally incubated in 50 ml. of medium.
Experimental.-Cutting of muscle fibers results in marked changes in the permeability characteristics to various ions and sugars. To localize the basis for these alterations, we have examined the penetration of ferrocyanide into hemidiaphragm and cage preparations by histological means. When hemidiaphragm or cage preparations are incubated for 1 hour in a Ringer's solution, modified by substituting sodium and potassium ferrocyanide for NaCl and KCl, subsequent histological examination shows marked differences in ferrocyanide distribution between these preparations.9 In the hemidiaphragm it was observed that ferrocyanide had penetrated into every fiber from both cut ends, leaving a central zone which had not been penetrated; in cage preparations ferrocyanide did not penetrate into any of the fibers and was restricted exclusively to the intercellular ground substance.'0 Study of ferrocyanide penetration in hemidiaphragms cut at only one end (the tendon was left in place at the other end), incubated for varying intervals of time, revealed that the entry of this large anion occurred exclusively via the cut ends and increased progressively with time at a rate estimated to be 1.8 mm. per hour from each cut end, over a 2-hour period.
Mannitol and sucrose, which are excluded from intact fibers, likewise penetrate into the intracellular water of the cut fibers of the hemidiaphragms, presumably via the cut ends. Thus the "space" of mannitol and sucrose was found to be 0.71 and 0.50 mil/gm muscle (wet wt.), respectively, whereas the inulin "space" in hemidiaphragms is 0.26 ml./gm muscle. The latter value is similar to those obtained for the intercellular volume of rat diaphragm in vivo, as determined by mannitol," raffinose,7 and inulin,12 as well as to our own results in the cage preparation, where the "space" for sucrose and mannitol is equivalent to 0.24-0.28 ml/gm muscle. It would thus appear that the fibers in a sectioned hemidiaphragm possess two cut ends which permit non-selective diffusion of molecules like sucrose and ions like ferrocyanide but still restrict the entry of a large molecule such as inulin.
Despite these findings, which indicate that the cell membrane is no longer a con-tinuous envelope in the fibers of the hemidiaphragm, the property of "active transport" of ions is retained. While hemidiaphragms incubated in Ringer's solution lose intracellular potassium and gain sodium to a much greater extent than do cage preparations, an equilibration of these ions between cell water and the external medium does not occur in cut fibers; the intracellular concentration of sodium is maintained, to a variable degree, below that of the medium, while the intracellular concentration of potassium is higher than that of the medium."3 Following incubation in normal Ringer's solution, intracellular sodium gain is roughly equivalent, on the average, to potassium loss. This apparent reciprocity between potassium accumulation and sodium exclusion could suggest a primary causal relationship between these processes, as has often been proposed. However, these processes can be dissociated. Table 1 shows that, when hemidiaphragms are incubated in Ringer's solution where the external Na+ concentration is varied from 10 to 148 mM (substituting sucrose for NaCl), potassium loss is quite constant, independent of whether or not sodium is gained. When the external Na+ concentration is t Initial K was 170 + 2.0 AM/ml cell water. 4 Initial Na was 20 ± 1.1 AM/ml cell water.
Standard error of the mean.
varied from 25 to 148 mM, the mean intracellular concentration of sodium achieved is equivalent to equilibration of Na+ in about 70 per cent of the cell water. The sodium-exclusion process operative in cut fibers is exceedingly variable among individual tissues exposed to similar conditions; the basis for this variability has not, as yet, been elucidated. Sodium exclusion in cut fibers appears to be an "active" process, in that it is inhibited by dinitrophenol (0.2 mM) or low temperature and to this extent resembles a "sodium pump." It should be noted from Table 1 , however, that if a "sodium pump" actually were operative, the activity of this pump, but not its capacity, must be assumed to vary directly with the Na+ concentration of the medium. Alternatively, it is possible to explain sodium exclusion on the basis that a certain fraction of the cell water is not available for Na+ and that sodium gain represents an equilibration process in an available fraction of the total cell water. On this latter view, the maintenance of cell water in a state unavailable to Na+ would require energy; a mechanism for sodium exclusion along these lines has been suggested by Baird et al. 4 Our present data do not permit a definitive decision between these dissimilar alternatives.
The "active-transport" properties of cut fibers are clearly revealed when the uptake of rubidium by hemidiaphragms is examined. Table 2 shows that hemidia- Table 3 , and it appears that the inhibitory effect of external K+ is competitive in nature. As with The rubidium-accumulation system in cut fibers has been sufficiently characterized to permit some conclusions concerning its nature. Thus rubidium accumulation is not dependent upon a "sodium pump," which, by expelling Na+ against a gradient, results in the entry of Rb+ against a concentration gradient. Figure 1 shows the results obtained in individual tissues where rubidium accumulation is plotted against sodium entry, measured in terms of equilibration of sodium in the cell water. It can be seen that the accumulation of rubidium is not dependent upon Na+ exclusion. Indeed, the data demonstrate a tendency for rubidium accumulation to increase as the effectiveness of the sodium-exclusion process decreases.
It might be possible to account for rubidium accumulation by assuming a membrane mechanism which specifically pumps Rb+ (or K+) into the cut fiber at a rate sufficient to maintain an intracellular concentration of free Rb+, 8 per fiber length are increased progressively (decreasing the ratio of the surface area of membrane to cut end), rubidium accumulation should decrease proportionately, since the cut ends may be regarded as offering no barrier to the efflux of free Rb+. As shown in Table 4 , when hemidiaphragms (2 cut ends) are further cut perpendicular to the fibers by a razor blade to give halves (4 cut ends) or thirds (6 cut ends), the expected proportional decrease in rubidum accumulation does not occur. These observations indicate that a Rb+ pump mechanism is unlikely, unless one assumes that progressive cutting of the fiber results in an increase in the activity or efficiency of such a membrane pump.
If the accumulation and maintenance of high rubidium levels in the cell are actually the resultant of a rubidium pump, then factors which completely inhibit the uptake of rubidium in excess of the external concentration should have an equivalent effect on maintenance of previously accumulated rubidium. Nevertheless, as shown in Table 5 , cold can prevent the initial accumulation of rubidium by hemidiaphragms, but, once rubidium has been accumulated intracellularly by prior incubation at 37.5°, it is retained intracellularly for several hours at 00, so that the : Incubated in ice bath.
ratios of Rbi/Rb. are about 7:1 and 5:1 at 1 and 2 hours, respectively. Dinitrophenol (0.2 mM), on the other hand, causes a more rapid exit of previously accumulated rubidium than does exposure to cold. The dissociation of rubidium accumulation at low temperatures into separate energy-requiring processes for "formation" and "maintenance" excludes the possibility that a pump mechanism is responsible for rubidium accumulation in cut fibers. The active-transport mechanisms which have been considered in relation to rubidium accumulation are based on the assumption that ions inside the cell are in the same "state" as in the external medium. Since these mechanisms do not adequately explain the observed findings with rubidium, some other mechanism must be involved. As an alternative, it may be proposed that rubidium accumulated in the cell in excess of the external concentration exists in an "associated" or "bound" state rather than as the free ion. Such a hypothesis, which emphasizes the im- portance of cytoplasmic factors rather than the "membrane," would be consistent with the observed accumulation of rubidium by fibers which lack an intact cell membrane. The characteristics of the selective accumulation system for rubidium may be interpreted in terms of a selective cytoplasmic binding system. Table 6 shows that hemidiaphragms accumulate a relatively constant amount of rubidium in excess of the external concentration, when the Rb+ concentration of the medium is varied from 10 to 51 mM. The binding system may thus be assumed to involve a limited number of sites (B), which can combine with Rb+ to form RbB. The specific binding system is characterized by a marked sensitivity to low temperature and dinitrophenol, both of which completely inhibit the accumulation of rubidium; this suggests that the formation of RbB has an energy requirement. Maintenance of RbB likewise appears to have an energy requirement, since previously accumulated rubidium dissociates, to different degrees, when dinitrophenol is added or when the system is chilled to 00. The fact that, at 00, intracellular rubidium is maintained for 2 hours against an apparent gradient, whereas initial accumulation of rubidium is completely blocked at this temperature, indicates that the energy requirement for the maintenance of RbB is less than that required for its formation. The energy requirements of the binding system may be assumed to be relatively modest. The association of Rb+ with B proceeds at 37.5°in the absence of an exogenous substrate, and addition of glucose to the medium has no significant influence; moreover, fluoride (1.0 mM) and cyanide (1.0 mM), both of which interfere with cellular metabolism, have little effect. Azide (1.0 mM), while possessing definite inhibitory action, does not abolish the association of rubidium with B as does dinitrophenol.
The accumulation of rubidium in rat hemidiaphragms has certain characteristics which are similar to those observed in N. crassa.5 Thus, in both cases, it can be postulated that either Rb+ or K+ interacts with a specific binding system and there is competition between these ions for binding sites. The major difference between these two systems appears to relate to the stability of the RbB or KB, once it is formed. In Neurospora, RbB or KB does not appear to be readily dissociable or available for exchange; in diaphragm muscle, however, dissociation of RbB is readily effected by inhibitors such as dinitrophenol, azide, or, to a lesser extent, by lowering temperature. Moreover, as previously indicated, Rb+ exchanges with a fraction of intracellular potassium which may be assumed to exist as KB. It is possible to explain these differences between muscle and N. crassa by assuming different types of B, as has been previously discussed.5
Our present information concerning the nature of the accumulation system in muscle is limited to the finding that it appears to be labile. Freezing and thawing or heating to 500 for a few minutes results in irreversible destruction of the system. Also, injury associated with cutting fibers reduces activity. There is insufficient information to permit profitable speculation upon the fundamental mechanism involved in the postulated intracellular binding system for Rb+ or K+. The limited data available could fit any hypothesis involving a metastable system permitting selective association of K+ with binding sites, without necessitating the exclusion of Na+. To this extent, the present data are consistent with either the theories of Ling2 or those of Simon and Shaw. 3 The results presented in this paper have an obvious bearing on the broad problem of the active transport of K+ and Na+. If the present findings on rat diaphragm muscle and the previous findings on Neurospora,5 which indicate that most of the intracellular potassium may be selectively bound by a cytoplasmic system, should prove to be applicable to cells generally, certain widely accepted views concerning the role of the membrane in permeability processes may require basic revision. 14 
